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Techniques in High-Resolution Coincidence Counting
(3eorge H. Minton '

Cireuitry, svstems, snd technigues used in radiation ocincidence messurementa with
miillimicroaceond resclution are diseursed.  An analyeie of the time Auctuations in a sointilla-
tion counting system is presented and comparaons with ciperimentatl resulls are imade.

1. Intreduction

The applicationa of eoaticidence systems to prob-
lams in nuclear research are of two types. In one,
the coincidence eystern is used I order to detect
evants that are colncident in time. In the other, il
ia appliad to the measurement of the diztribution in
time of ponceincident events. The characteristies
of soma coincidence systems have been studied in
order to determine their suitability for such applica-
tiona., The factors that have been conaidered are
(1) the resolution obtamable with availzble radie-
tion detectors, 2) the relationship between the reso-
lation and the efficiency of the aystem, (3} Lthe fac-
tora that determine tha responza of the szystem to
coincident events and to events separated in time by
intervals of the order of magnitude of the resolving
time or less,

Although the ideal eoincidence systermn will responsd
only to events that ara axactly coincident, =zuch
responee is not obtainable in praclice. The events
imvolved are mignaled by tho prodection in the de-
tector of elactrical pulses—often widely varying in
amplitude—and the resolution of the system is de-
termined by the response of tha detector and that of
the circuit to which the zignals are fed. Spurious
responsa of such a system corresponds to the re-
cording as coineidences of single pulsea or of events
that arc more closely separated in time than its
resolution. As the number of (he lalter events In
any piven time interval depends on the product of
the counting rates in the wdividusl detectors, the
resolving time of the system often provides a limita-
tion on the permissible counting rates. Failure of
the system to rezpond to ecoincident events can be
measured in terms of an efliciency factor that is less
than or equal to 1.

In tha measurement of the distribution in time
of noncoincident evente, the signal from one detector
18 delayed before baing fed into the coincidence eir-
cuit, and the nomber of coincidences recorded is
atudied 88 & funetion of the length of the nserted
delay time. These data furnish s response curve of
the gystem for the events under study. If the rate
of oconrrence of events does not vary appreciably in
a time of the order of the resclution of the svystem,
the shapa of the response curve of the systom to
coingident events is not eritical. On the other hond,
for studying more rapidly varving distributions it
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iz necessary to obtain a response curve of the sys-
tem for coincident events. The resolution of the
system is often defined as one-half the time s
measurcd on the delay axis hebween points ocor-
reaponding to one-half the maxinmum counting rate
of such & respohse curve. By proper mnalysis of
thiz curve along with that for noneoincident events,
it is possible to messure Lime intervals to an order
of magnitude amaller than the resclution of the
system, 42 defined abova, to an accuracy of the
arder of 10 percent.

2. Detectors

The only type of radiation detector presently
available that is suitable for very fadt coancidance
work is the scinmillation counter. Among the vari-
ona phosphors availahle, thera is & wide divergence
among the values of the time constants for the emis-
giony of hight. In general, the organic phosphors emit
their light in one-tenth to one one-hundredth the time
of the inorgsnic materiale, eo ihat sttention will be
confined to the ecintillation counter with organie
phozphor. The measorements reported here were
made, veing RCA 5810 and 6199 photomultipliers
with stilbene corystalz or zolotions of terphenyl in
toluctre as scintillators,

3. Crincidence Circuit

The coincidence cirenit receives the pulses from
the detectors and provides an output pulse whenever
the input pulses are in coincidence. The ideal co-
incidence eireuit never responds (o single pulscs, re-

dless of their atoplitude, and never registers a co- -
mcidence when the input pulsss are separated by a
time preater than their own durslion. The cireuit
should have az low an input capacitance as possible
in order $o miniomze any offect on the Tisa time of the
input pulsa. The regmrement of low capacitance is
most satisfactorily met by the use of & circuit con-
strunted from erystal diodes.  Figure 1is 8 schematic
disgram of such & circuit—a modifieation of that of
DeBenedetti and Richings [1] *—which has been used
in this investigation. Study of the responze of this
circuit, to pulses from 8 mercury-relay pulse generator
and from scintillation counters haa revealed that the
responde of the cireuit is not a limiting factor in the
operation of the eeincidence systems using nuclear
radiation detectors, so that an extensive comparison

i Flgures Lo bracket: indicalo tha {1t bem efefetioed ak the end of this paper,
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Fiavee 1.  Heph-resolidion coincidence ofrenit for negatite
putser frost the anoden of foe photomulttplfer fales,
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Ficvre 2. Nesponse of $he frs! coincidence circedd of figure | and
netociated amplifier lo simulfoncoue pulesd from o mercry-
relay pulze gemeralor.
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of available coincidencs cireuite has not been made.
{m the basis of published information, however, it is
beliaved that this circut is at least as a8 ANy
other in use today. Figures 2 and 3 illustrate the
responsc of this cireuit to pulses {rom the mercury-
relay pulse generator. In erder to closely approxi-
mate the shapa of the pulze from s seiotdlation
counter with liquid scintillator, pulses having a rise
time charactoristic of the mercury switch and an
exponential decay of 2.5 muzec wore used. T4 is in-
tere=ting to nose that when the two input pulzes are
of diferent amplitudes the response of the civeuit is
nearly independent of the amplitude of the larger
pilse. From the curve of figure 2 eorrcsponding to
1.3-v output, it can be seen that the ratio of the
amplitudes of & pair of equal coincident pulaes to the
amplitude of a single plclllsa producing the same re-
sponse is about 1:25.  The width of the curves of
voltage versus signal delay is deternined by the
duration of the input. Higher pulses sppear wider
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Hecnuse of their fimite rate of rise and exponential
ecay.

In:r the experiments to be deseribed, the photo-
multipher voltages were adjusted =o that pulse
amplitudes from 1 to & v were produced at the co-
incidence circuit as s result of absorption in the
semntillator of Compton elecirons haviog enerpies
between 200 and 1,000 Jev.

4, Coincidence System

In the detection of gamms rays with organic
seintillators, the energetic eleetrons produeed in the
Clompton scattering of the gamma ray exeite the
phosphor, and the process of deexcitation results in
the emission of light, which iz detected by the phote-
multiplier. The amount of light vield due to the
interaction of a particnlar gamma ray depends on the
energy aof the scattered electron.  Thus, by the nature
of the Compton process, a monoenergeiic gainmms ray
produces a continuom of pulse amplitudes ai the out-
put of the photomultiplier, with meximum pulsc
height depending on the gamma cnergy.

s the response of the coincidence cireult depends
on the amplitude of the input pulae, it is desirable to
work with pulses above some mimmum amplitude.
This can be accomplished without effecting the speed
of reapemza of the coincidence circnit by gating ite
output with the pulses from an amplitude discrim-
inator into which the amplified pulses from the last
dyuode of the phatomultiplier nre fed. Beesuse the
pulse distcibution from the Compton electrons will
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bhave a well-defined maximum determived by the
encray of the original gamma ray, one can study the
respones of the system to 88 narrow o band of pulze
amplitudes as desired in the neighborhood of the
maximum with the use of an integral pulse-height
selector. If one desives to work with pulse ampli-
tndes below the maximoum of the Compion distiabu-
tion, & differential pulseheight. analyzer i= requirad.
For this study, inteprel puﬂe-height.‘salactms were
ueed with two sources, Na™ with annihilation radia-
tion eoincidences of 0.510-Mev pamms rays and Co®
with coincidences between a 1.17- and & 1.33-Mev
RIS FAY,

The resolotion of the coincidenece ayatem aa a whele
is dependent on two factors. The first is the Lime
distribution of pulses produced by the two photo-
multiplier tubes when the original gamma rays are
troly coineident. The second factor is the duration
of pulees from the photomultiplier tube because the
coincidence eirenit will respond to pulses that are
delayed relative to one another if the delay is less
then the duraticn of the pulses,

The usual procedure for studying the response of
coincidence system is to set up two scintillation
counters, to excite the phospbors with coincident
gammg rays such as those resulting from annihila-
tion of positrons, and to study the number of co-
incidences recorded g a function of an artifieial
delay inserted in the system by varying the length of
cable from one of the detectors to the coineidence
vireuit. If the pulses were square, of fixed duration,
and always coincident in time, the coincidence rate
would be constant sz the cable length was varied
over a range corresponding to twice the duration of
the Eu]se. and would be zero outside this ?ap%‘e_
On the other hand, if the pulse width were negligible,
the curve of coincidence rate versus inserted delay
would correspond exscily to the time distribution
of the pulses from the detectors. )

The first step toward obtaining good resalution
wasg the cholee of the erganie seintillating materiala.
One of the festest known crystalline phosphors 15
trens-stilbene, which responds to & Compton cleetron
by emission of an exponential pulse of light with a
deciy constant of about 8 X107° sec, This was the

hosphor that was chosen for the initiel tests,

ext, a sertes of tests was run on & pumber of HCA
5819 photomultiplier tubes in order to select a few
that were capeble of producing pulses large l.‘nuu%:
to actuate the minrrigenm eircoit without smplifi-
cation. Some of the tubes tested were capable of
operation in the neighborhood of 2,000 v, and ex-
tibited & maximuio gain about 10 times that of the
averaga tube. Two of these better tubes werc
chosen for use in the coincidence system. In this
way, rise-time limitations introdoced by amplifiers
wore climinated. The duration of the pulse st the
output of the photomultiplier tube can be reduced
by using a shorted stub of eoaxial eable to prodoce a
delayed canceling pulse of opposite sign. & 1mini-
mum pulse duration obtainable by this procedure is
approximately equal to the rize time of the original
pulse. This rise time depends pricarily on the
photomultiplier thue, gtid sppears to be 2 to 31077

gec if the time constant of the output clrenit iz less
than thiz value.

As the best reselutions eommonly attained with
seintiletion counters sce of this order of magnitude, it
appeats that the duration of the input pulses and
Aucteations therein may ofien be hmiling factors
that mask the cffceis of the time fluctnations in the
pulsea produced by coineident radistion eventa.
A dglmme at figure 3 sugt:lgesta a method to further
reduee the effect of pulse duration upen the resalution
of the system. Because of the width of the pulses,
the rate of change of outpul voltage with delay is
sme]l in the region wround zere delav, For this
reason it is deszirable to operate the civeuit with such
cahle lenpths that simultaneous pulees are delayed
relative to onc another by sbout 1 rusec so that
small fluctuations in the time of ocourrence of pulses
will produce & messurable change in the output
voltage. In order to have o symmetric systein, it is
necessary Lo use two fast coincidence circuits operat-
gz on opposite sides of the maximum of the coin-
cidence resplution curve, as indicated by the vertical
dashed lines in figure 3. The outputs of these two
cireuits are fed to a slow coincidance circuit. This
colnplete unit & then referred to as a differential
eoincidenes eironit, in anelogy with & system pro-
posed by Bay [2]. The two individual thst coinei-
dence cireuts will be referred to as cMennels of the
differantinl eoincidence cirouit.

A coineidence is recorded only when there are
gimueltaneous output pulses from the two fsst coin-
eidence cireuits. The cabling from the deteciors is
g0 chosen that in the event of o true coincidence the
pulse Irom one detector arrives before the pulse
from the other detector al chennel 1 and after the
pulse from the other detector at channel 2.

As an illnstration, it is useful to consider the ro-
sponse of the circuit to square pulses of fixed ampli-
tude. By making thnﬂﬂiﬂemnﬂes in  lransmission
time just less than the duration of the pulse, all
incidents of simultaneity of initial pulses result in a
coincidence being recorded, whereas even a delay
thet i= less than the duration of the pulses results in
o rejection by the differential circuit, The situation
I3 shown schematically m figure 4. If the pulse from
detector 2 iz carly, therz will be no coincidence re-
corded in channel 1, and if it i3 lete, there will be no &
caincidence recorded in channel 2. Bath channcls
will prenduce an oulpul pulse only o case of & trua
eaincidence, '
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Fiaure 1.
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A block diagram of the differential coincidence
cirenit i3 shown in figure 5. The response of the
aystem of coincident radiation is illusirated in figlives
6,7,and 8, The curves of fipure 6 show the response
of the individusl chonnels to coineidences from eo-
balt-60. The displacement of the curves 1 to be
attributed to the cabling arrangement between
channels. The coincidence cireuits are 100-pereent
efficient for pulses above the levels of the gaiing
pulse-height selectoras. The width of the curves 1s
principolly due to the widih of the pulses from the
photomultipliers. L

Figure 7 shows the response when the two cireuils
sre ppereted ss a differentisl unit with the inserted
delays such that there is ne loss in efficiency. The
fact thet there is Do loss in cfficiency mdicates that
for zero delay the pulses overlap sufticiently at both
channels to compensate for any time fluctuations
that are infreduced by the detectors.  If the differ-
ential cabling batwesn channels is inereased, there
will ba & decrease in the maximum coincidence rate
when the time during which both pulses are present
&t the inputs of the coincidenre cirenit becomes less
than the fluctuations in time of occurrence of the
pulses. Figure 8 is a response curve for the system
when: this differential delay iz =ufhcient to reduce
tha marimum coincidence rate to 10 percent of itz
previons value, The shape of this curve is deter-
mined primarily by tha time fluctuations of pulaes
from the detectors, and its width is a measure of the

ttude of these Auctuslions, This conelusion is
cun?rmed by the fact that a redoection in efficienc
below about 20 percent results in no wppreciable
further narrowing ef the responss curve, indicating
that the ““‘channe]l width’ in Lime is then moech nar-
rower than the distnbution in time of the pulses
arriving at the coineidence unit. A measure of the
channel width 19 the gquotient of the random eoinci-
dence rate by the product of the individual counting
rates of the detectors, which, under tha conditions
of figure 8, is 2.8 ¥ 107V gee,

Angther factor that contributes to the width of the
responae curve is the varintion in enmplitude of the
pulzes at the input of the coincidence cirenit. This
effect has been minimized o this study by limating
the amplitude variation to about 25 percent with the
gating pulsa-height seleetors.
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5. Time Fluchuations in the BSeintillation
Counter

5.1, Theoretiocl Analysis

The differential coincidence rirenit has hesn used
to study the distribution in time of pulses from the
hotomultiplicre under various aperating conditiona,
sources of coincident radiation were utilized.
Na*, a positron emitter, was used to obtain the co-
incident 0.510-Mev gmawmnime rays of annihilation.
The number of unwanted coincidences between the
1.3-Mev gamma rays also emitted hy thia sovrce and
the rays of annihilation was made neglizble
by reducing the solid angles intereepted at the souree
by the detectors. Because the gomms ravs of 2-
nantum annihilation are emitted in axactly oppo-
gite directiona, their coincidence rate depende only
on & emaller of the two sclid angles, whereas the rate
of tha coincidences involving the 1.3-Mev gamma
raye diminishes as the g)mduct- of the solid angles
of the two detectors. apuree of coineldences be-
tween higher-aner, rays is Co¥, which
emits & beta particle followed by 1.17- nnd 1.33-Mev
gamms rays in eoincidence,

Bacavss the apparent time distribution of pulaes
from the detectors is determined by fuctuations in
the rise times of the pulses, the factors that influence
the riga tima will be the factors that influenes the
obeerved distribution. These factors are fluctuations

in photon emission and collection time and Auctua-
tione in trangt time of electrons in the photornulti-
plier. Post and Schiff [3] have discussed the statis- -
tical limitations on the resclving time of 2 scintillation
colunter impb:}sad by the fluctuations in photon arrival
timo, mnd Morton [4] has reported the results of
a study in which eccount also has been taken of
the transit-time fluctuations in the photomualtiplier.
Following the treatment of Post and Schiff, we con-
sider & phosphor which, upon exeltation at{=0, amits
photons in an exponential decay process, so that

fo={ Bevar

where f(1) is the average number of photoelectrons
produced at tho photocathode in the fime interval
0—¢, R is the total number of photorlectrons Em-
duced as a result of the excitation of the phespher,
wnd X iz the decay constant of the phosphor.

FO=Ri{l—e ¥1=Rx,
where 21 A,

The number, fit), will ba subject to statistical
fluctnations described by the Powrsoy distribution,
s0 that the probability of ¥V electrons being praduced
it the interval 0—1 is

PO

The probability that the Qth photoclectron is pro-
duced between £ and £4-df is

Wolty=Pg_ (1) [df {deldt.

The variance () in time of production of the {th
photoelectron s #— (T3,

= J; i ﬁwq[zmz—[_f :wq{a)m]’

".-."R?ufm wﬁ_[ﬂl
D

Q-17 CHRME |

o (@—11
= QIR

Poat and Schiff have considered the problem more
generally, and obtain, for a1,

MQ}:{R?,F [1+2(Q£_ . }-higher-order terms in %]

To develop & model with which te compare the
experimental results, ¢ was designated ns the average
vumber of photoelectrons that would be produced 1n
a time equal to the sverape rise time of the output
pulse, It is nssumed thet the variance in the time of
response of the system to the pulee is given by the
arithmetic mean of the wvarances associated indi-
viduslly with the firzt £ elecironz. This assumption
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is reosomable, because the pulees are essentially
differentiated by the use of the shorted stub, and the
differential coincidence technique involves a ecoin-
cidence between the leadin Egge of one derivative
pulse and the trailing edge of the other,  The average
variatce will be called B, (600,

so-myg & { vt

1 PG+, 2@+ 1) (G+2)
=(Ra:=*[ 2¢ T~ 3R ]

Q@ | ¥
(RN SRIREN

el

where @ 1.

The time of output of the signal will alao depend
on the Auctnations in electron transit time in the
photomultiplier. Assuming, as did Morton, that in
each stage the traneit times ean be deseribed by a
{ranasian distribution:

1 (— Lot

P(t)=

where {,; 13 the average transit time in the ith stage
and #; 15 a constant determingd by tha geomatry an

voltage in the ¢th atage. Lot uy be the aversge
number of electrons in the ith stage due to § electrons
at the photocathode. The varance in the averagn
transit time of theze electrons wall be §Efn,. 1f ¢ ia
th: average gain per siage, then a=0¢*"Y, The
average total transit titne of the secondary electrons
due to one photoelectron 13 Z6,, and the voriance In
this quaa bity, when & photoelectrons are involved, is

_ i 1 i
=T g

For the average photomultiplier =4, so that
ierms be’;{rm] the gecond can be reasonably neg-
lected. Thus, the Auctuations in time of the output
pulse of the photomultiplier are determined pri-
marily by the transit-time dispersions in (the regiona
between the caihode sand the first dynode and be-
tween the first and second dynodes. :

agé(ﬂ?ﬂf

In addition, there will be an apparent time fuciup-
tion dus tp fuctustions in gain, primarily in the first
stage, The spparent variance in time produced b
the pgain fluctuation will be denoted T =7,
where *r is 8 constant determined by the liistributiﬂn
of multiplication factors over & large number of
Pprocesses.

To obtain the appsrent verience in pulse time
(¥), we assume, as would be trus for the convolution
of Gaossian distribution, that the variance resulting
from the several factors involved is the sum of the

mmdividual variances, so that

H:E|+E:+Fg
- ¢ 2 1 B
_2{W+3R(Rhf+q(ﬁ?+a+72)
g P i
=“XRP IRy W
where T is a eonstant characteristic of the photo-
multiplier.

Conzidering the case where @R is small, we can
eagily find the value of @ corresponding to minitaam
dispersion.

& 1 T _,

d0 AR
Q=\2R\T

- __1"'EH.KT+ mn _1"§Tl
TR T NI T EZmT B

For n coincidence system using twe photomulti-
pliers, the variance of the response curve will be
27, and the width at half maximum of this curve
of coincidence rate versus delay wik be given by

W=2.4{27)"" {2}

When /K is small, we ean utilize the expression
for Tge to obtain

et (2) @

In practice we shall find that Q=03 to 0.5, ao
that the value obteingd from eq (3) for Wy will
represent & lower bound—perhaps 10 to 20 percent
lower then the minimum obtainable width for the
rezolution curve,

In order to compere the reault displayed in eq {2)
with experimental data obiained with a differcntiak
colncidence systemn, it is necessary to decide what
factors determine @ for a system of this type. The
shorted stub technique of pulse shaping will provide
a pulse for the coincidence circuit where width s
approximately equal to the rige time of the original
curront pulse at the anode of the photomultiplier.
This rise tima will be datermined by the dispersion
in the multiplier. We are interested in tha number
of photoelectrone () thet produee the secondary
clectron arriving at the anode during the rise of the
pulse, As the rise time is determined by the dis-
persion in the tube, the number (&) will be propor-
tional to the rate of production of photoelectrons,
and wo can write

Q=EKRn=K"\2EzT.
When €& i smnll, the dispersion is datermined by

o BT 1 GET (KN 43T
=K ot am— sk v
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and the wrdth at half maximum of the resolution

curve is
Kfﬂ_'_l 12 T 1ra
(SR ﬁ) ‘

2K
Thia expression exhibits o brond minimum in the
neighborhood of E'=1, and if 1/2<E"<2, the
width of the resolution curve will he within 10 per-
cent of the minimum obtainable with the commbina-
tion of tube and phosphor.

It i& of mtereat to conalder i more detail the
determination of the value of K*. The current
pulse at_the output of the photomultiplier can be
described by

y(tj=cj;m [exp { —“;Tf;‘}g}] [cxp { -\, }] di,.

Where the zero of £ and fy, corresponds to the average
time of arrival at the anode of the secondaries from
& photoelectron emitied at the time of the inter-
actionl in the phosphor, T meazures the dispersion
of the photomultiplier, and X is the decay eonstant
of the phosphor.

It zan be shown in a straightforward manner that,

ar = 7
g{t}=%{ﬂp (E.'Z) } {exp I{—?\T}} bt
V2
. 1 (T—t[T)
{ _\"Eza-j—[ar—m"} P (H%H)#} 1
We desire to obthin an expression for the viss

time {t,) of this current pulse. At this time dg/dt=0.
This condition yields the equation

1 J‘{RT—EJT} ( ¢l>
l—— exp| —=
|: v 2xJ-or—m P72 de

__ 2 _th—t,,ij?}r
Fozee{ -5} @

If % and T are known, this
solved for #, by numerical pro
Tables of Normal Probahility Funetions [5], which
tabulates both Jfunctions. Best t with
deia presented in the nexy section 18 obininad by
assuming a value of T=1.8X10"* sec in normal
operation of the photomuliiplier at 1,600 v.

uation cen ensily be
ures with the aid of

8.2, Comparison with Expariment

Calculations have been made of the expected
values of () for stilbene and terphenyl-toluene
solution, szsuming the above value {1.8% 107" aec)
for T and 1/A=6>%10""% gec and 1JA=2.5%1G"7 zec.
reapectively. For the two cases,

4,=1.27T (for stilbene)
§,=0.86T ' (for terphenyl-tolucna}.
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The maximum current oceurs a time #, afier the -
sverage arrival time of the sccondaries produced by
4. photoelectron ejectod at the time of interaction in
the phosphor. The photoelectron charge, @, con-
tributing to the rise of the pulse is, on the average

H=R{1—~exp{—M)},
which yiclds

O=07y280T (for stilbene)

Q@=04542RLT (for terphenyl-toluene).

In the case of stilbene, we neglect the term in ¥
in th{l] to obtain from eq (33 a lower limit on the
width &t half maximom of the coincidence reaponse
curve. . We assume, in sccordence with the work of
Bangater [7], that stilbene gives 50 percent of the
photoelectron wield of anthracene in a 5819 photo-
multipbier. The vield of anthracane is half that of
Npl messured by Holstadter [8] to be about one
photoelectron per kilo electron volt. For cobalt-GQ
galuna rays, the everage energy of the Compton
nlectrone producing pulses accepted by the pulse
height selectors is 800 kev. For atilbene we expent,
therefore, 225 photoclectrons on the averaga. Using
thiz value for B, we obtain a lower linfit of 8.8 10710
gec for the width at half maximum of the resolution
curve., The expected value givet by formulas {1}
and (2) is 9.7 107" see. Tha results of & measure-
ment: with the differential coincidence aystem are
shown m figure 9, end confinn this value to within

_a-"'li"lh.
v i 'I.\
TS ]
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/ _-\
slm_ / J 12t Mey 1 \1.
z o :
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=z 7
B ! g % !
1.0 ] +

' =0 0 " K éﬁ- 0
CELAT X W™, SECONDS

Figvas 9. Effect on the reepomas of the diferential coincidence
apalest of figure & produred by o variciton in the number of
Fhotone emulled by Lhe phosphor.

5418 photomultipdioes and sl boms oryalaks werw umd,



10 percent, which iz a8 good as can be expected in
view of the uncertainties in the parameters involved.
Figure 7 also shows tha results of & messurement
with annihilation radiation. In accordanee with
formula (2}, we would expect a ratio of widths at

half maximem of
B m)!ri._
(Hmlhllnl.l _1 FFE

because the average energy corresponding to the
acen t&d pulses from the annihilation specirum is
300 Using this ratic and the expected width
of thg resulutmn curve for cobalt-60 radiation, we
find that the expected width of the low-snergy curva
i5 17107 gae, The observed width is 161071
8ac.

In the case of the terphenyl-toluene seigtillator,
it iz desirable to include all terme of eq (1) in esti-
mating a lower limit for W, as /R is close to 0.5,
The valoe of I? is chozen in accordanee with the work
of Kallman and Furst [9] 83 0.57 Rubens. For Co*
gammas, £=130 is used. The expression (1} for 7
can be minimized for our particular value of AT
and, with (2}, yiclds Wey=89%10"" scc. The ex-

pected value of Wis given by letting =045 VERLT
i the expression for #. This gwes%‘v emie =013 1010
goe, The experimental curve is shown as 8 dotted
curve in re 11, and yields Wp=10310"" aec,
For annihilation radiation, R=13[I!3 The value of
W calculeted from eq (1) and §2) 18 163107 zac.
The experimental eurve is shown in figure 10 along
with that for etilbene, and gives Wpe=1510"10 gee.
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Ficuge 10, Effecton the response of the differentiol colneidenee
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Fion of pholens treident on the phot-nmuihplmr uring grnikilo-
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In order to chaerve the effect of changing T, the
voltage across the cathode to first dynode ga
inereased by a factor of 4 end thet from dynoda 1 to
dynode % by a factor of 2. From the gaomemes
and voltages involved, it appears that § =#8. Ne-

glocting ¥, we hava

-5
m_ Fy g
T 4&,+ﬁ ~ie

because the guantity § is & measure of the mean-
square spread in transid times and should be inversely
proportionsl to the square root of the voltage. Thus
the valee of T3 i (L3 1077 A/3.6=04210""" sec.

Using this value for T, we can calculate with the

aid of e 4} the rise titne of the pulse on the anode
of the tu We find

=1.167%,

G=0.85FAT;.

Ty 15 enfficiently short to neglect the second-order
term in calculating the lower limit on the width of
the resolution curve, For cobalt-60h gamma ra E- on
terphenyl-toluene we obtain Won=>5.410""

The calenlated value of W, using eq (1) and (‘2}, is
6.1 > 101" mee.

The cheerved value of B olitained from the exper-

imental curve of figura 11 is 6.2 107" see.
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Tanue 1, Width @ holf-mazimun: of ctorves of cofncidence rale
verzua delay
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Tha resulis of thess measnrements ars aurmmarized
in table 1. The agresment between caleulated and
observed widths of the resolution curves is exceltent
in view of the vncertainty in the values for B and A
These values wera obtained from the literature. The
values for B are considerably more in doubt, but the
relative valueg should be within 10 to 15 percent.
The valaa of the single parameter, T, was adjusted
te give best agreement betwesn the culenlated snd
experimental values of W An erver in the abhzolute
velue of B would be reflected in thiz quantity. The

value of 1.8 107" sec obteined from this quantity |-

does not appear to be unreasonghle. Moreover, the
censistency of the results sauggests that the caleula-
tion accurately represents the behavior of the. coin-
cidence eystem, and the conclusion mey be drawn
that in 2ll cases obacrved the experiments]l resolu-
tion wag very close to the minimum obtainable with
the combination of phosphor and phototuhe used.

. & delayed coincidence in bof
randomly oecurring fAuctuation is much less likely

6. Muliiplex Coincidence System

The attainmant of systems having betier resolu-
tion awaits the development of new phototubes
capable of operating at very high voltagea in the
early siagos aod the discav&l&y of fester phosphorz
or tequires the usa of n different combination o

atal and multiplier. The latter alternative is
illustrated by the following supgestion. If there are
fluctnations in time of the pulses from the detectors
for truly coincident events, the influence of these
fluctuations on data indicating delayed radiation can
be reduced by using two photomultiphcrs viewing
each phosphor and requiring s dalayed coincidence
to be registered simultanecusly in two independent
coincidense circuita, De]a{ed rediation will produce

oth channelz, whereas &

to have the same value in both seta of detectors at
the sare time. In faect, it has been experimentally
verified that the curve of counta versus time for
coineldent radiation avents falls off as the product of
the eorves for the individusl ecoincidence eivenits.
The drawbacl on thiz procedure is thet if two photo-
multipliars.arve used, & reflector must be removed, and
the amount of light eollected by each photomultiplier
is leas than if only one tube 35 veed. This decrease
in hight intensity corresponds to a decrense in B and
hns the same effect a9 &8 decranse in energy of the
original radiastion. That je, the fluctuations in the
responise of the individual coincidence systetns are

maereasad.
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A gyatem based on this principle hos been designed
and construeted. It consists of two phosphors, each
viewed by two photomultipbiers. 1n this systern,
BCA 6199 photomultipliers were wsed bechuse of
their hich gain and low noisa. Four of the six
tubes available were operated sueecesafully at 2,000 v
and produced larper pulses than the selected 5819
photomultipliers v=ed previously. The pulzes from
each phototuba are fed to the inputsa of two fast
double-coincidence ewveuite, so that four of these
circuits are used in the syztem. To minimize the
eitect of pulse width, the cabling is arranged so that,
for zerc delay snd coincident radiation, each pulse
arrives earlier than its counterpart at one eoinecidence
sircuit and later at the other. A time fluctuation in
either direction will then ehminate the coincidence
in 1 of the 2 circuite. The outputs of the fast
goincidenice circults drive four inputs of a sixfold
eoincidence cireuit. The other two inputs are
driven by the outputa of two pulse-height selectors,
ench of which analyzes the summed pulses from the
laat dynodes of the photomultiplicrs viewing one of
the phosphars,

A block diagram of this system is shown in figure
12. The systemn has been tested by means of the
coincident, gamma raya from Clo ® and from positron
annihilation, The resolutien curves sre shown in
fipure 13. The reaolution obtained with thi fgat.em
B about the same a8 that obtained with one differcn-
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Fiovrs 13 Reeponse of Mhe mullipler comeidenee aysiem of
Egure {2 lo pulses produced by coincident pamma raye rcident
o terphestyl da lofieene [ipiid acintliators.

e Oo¥ gamane ™eFE; .. oo -, snlhiletion redlation. 168 photomal
tlplierswmund'; .

tial coincidence system and 5819 photomultipliers
oparated at 2400 v. From the standpeint uP gfa-
bility, however, the new system has been much
more satislactory than the old one, primerily be-
eause of a moticeable reduetion in fatigue of the
photomultipliers.

7. Applicationa of Coincidence Technigues

The mode of operation of high-speed coincidence
eirewtry is determined by the specific requircments
of the problem ot hend. If high efficiency is re-
guired in the detection of a coineidence, a sacrifice in
resolution must be made because of the inherent
time fluctuatioms in the detectors.  Such a situation
is encountered, for example, in the shaolute calibra-
tion of radiation sources by coincidence methods.
In this ca=e, the systern must opereie with 8 on-
stant known sfficiency. An efficiency of 100 percent
has been found to be the casiest to measure and hold
constant, and a coineidence system hag been de.
veloped for the absolute calibration of cobalt—60
gources by the method of gamma-gamma eoinei-
dencea operating at this efficiency. For this applica-
tion, the differcntial coincidence technique was not
feasible because, with terphenyl-toluana scintillators,
the maximum fuetuations in pulse time are of the
order of magnitude of the pulse width. Becsuse of
the fluctysiions in pulse time, it was neccssary o
accept a Tesolution T=1.5+4+10"° sec in order to
achieve 100 percent efficiency. Under these condi-
tione wo are able to detcrmine the disintegration
rata of millicurie sources of cobalt—60 to &n accuracy
of 1 percent.

Ii the problem is primarily one of measuring short
time intervals between radiations, on the other
hand, and less than 100 percent efficiency ia tolerable,
it ie preferable to operate the coineidence system in
such A way as to provide maximum resolution, In
this application, it is posaible to measure time inter-
vals considerably shorter then the width of the reso-
lution corve for the system. Bay [10) sod Newton [11]
have discussed some methods for anslysis of the data
obtained in such measurements. It can be shown
that if the time delays are the result of the exponen-
tial decay of an intermediste state excited by the
firsi, radiation, the curve of counts versus artificial
delay is given hy

o483 (5 ) e {(%;) }]{exp f—ad}]

. _.1._ 1&(%— .w)
_q,-"ﬁ'

im0

where A 15 & constant that depands on the geometry
and resolution of the system, 5 is the source atrength,
o is the decay constant of the intermediate atate, and
the prompt coincidence rvesolution curve of the
system for radistions of the same energy iz de-
scribed by O(d) =(e™*. The fnetion contained
in brackets hag been tabulated in [5] 8o that it is
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possible to calculate eurves to be compared with the
experimental curve and to determine the value of «
that gives 8 best fit. From a prompt ceincidenca
resolation curve such as the solid curve of fipure 13,
it iz possible (o messure lfetimez of the order of
107" gac to an accuracy of the order of 107 sec.
These technigques have been applied to data obtained
from the annihilation of positrons in metals and
differences have boen determined of 4X 107 sec
betweoen mesn lives to a precision of 17107 sec.
Details of this work will be published elsewhere.

8. Conclusions

The data snd analysis presented here indicata that
the circuitry sod technigques described enable one
to obtein coincidence resolutions very close to the
minimum o be expecied for the combinetions of
acintillator and photomultiplier presently available.
The analysis of the detectors and nircuitry takes
pecount of the Auctuations in emission time of the
gl:u:rt—ons firom the phosphor and assumes Gaussian

istributions for the interstnge transit times in the
photomuliipliars. The time of oceurrence of & pulse
is considered to be the average of the arrival times
at the anoda of the electrons that contvibute to the
rise of the output pulza. This nnalyzie results in
the satisfactory prediction of the magnitude of the
resojution and the effect on the resolution produced
by 2 variation of tube voltaga, phosphor decay fime,
or energy of exeiting radiation. The data indicate
that the root-mean-square deviation of the traneit
time in the cathode-to-dynode region of the 5819
photomultipiier is 1.83¢ 107" sec when the voitage
arrazz the gap s 150 v.

Fluctustions in ploton-emission time and
electron-transit time limit the time resolution obtain-
able with » =cintillation eounting system, so that the
use of eircuitry havine too short & resolution resolts
in reduced sficiency E:rr the detection of coincident
radiation, For 1-Mev gamma rays the limiting
reaclution far 100-percent efficiency is approximately
1.5 107" gec. Operation of the system at reduced
efficicney enables one to measure time intervals of
the order of 107" sec between radiatioms to an
accurscy of 10 percent.
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